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EFFECTS OF MACH NUMBER ON PITOT-PROBE DISPLLACEMENT
IN A TURBULENT BOUNDARY LAYER

By Jerry M. Allen
Langley Research Center

SUMMARY

Experimental pitot-probe-displacement data have been cobtained in a turbulent bound-
ary layer at a local free-stream Mach number of 4.63 and unit Reynolds number of
6.46 % 106 per meter. The resulis of this study are compared with lower Mach number
results of previous studies., It is found that smaller probes show displacement only,
whereas the larger probes showed displacement as well as distortion of the shape of the
boundary-layer profile. The distortion pattern at the higher Mach number occurred lower
in the boundary layer than the pattern at the lower Mach number. The maximum distor-
tion occurred when the center of the probe was about one probe diameter oif the test sur-
face. For probes in the wall-c¢ontact position, the indicated Mach numbers were, for all
probes tested, close to the true Mach number. Pitot-probe displacement was found to
increase significantly with increasing Mach number,

INTRODUCTION

When a pitot probe is placed in a shear-gradient flow, the probe does not measure
the true pressure that existed at the center of the probe in the undisturbed stream. The
effective center of the probe is thus said to be ''displaced" from the geometric center,
Corrections to measured profiles can be made for this effect, however, if the magnitude
and direction of the displacement are known. The introduction of reference 1 contains a
summary of previous experimental and theoretical work on this subject. The results of
reference 1 indicated that the pitot-probe displacement in a Mach 2 turbulent boundary
layer was about twice as large as had been previously obtained in incompressible turbu-
lent boundary layers. It was not known, however, if this displacement is a gradual Mach
number effect or merely a ""supersonic” effect; that is, a step effect caused by the bow
shock that exists ahead of the probe in supersonic flow. Data at a high supersonic Mach
number should resolve this question, This study was thus conducted to provide pitot-
probe displacement data in a turbulent boundary layer at a free-stream Mach number of
4.6, and to assess the trends of pitot probe displacement with Mach number.



SYMBOLS

U.8. Customary Units were employed for the experimental measurements in this
study, but the International System of Units (SI) is used herein to report the results.

D external diameter of circular pitot probe or external height of flattened pitot
probe

d internal diameter of circular pitot probe

leq equivalent flat-plate length

M Mach number

N power-law velocity-profile exponent

p pressure

R unit Reynolds number, pu/p

T temperature

u velocity in streamwise direction

y normal coordinate (see fig. 1)

v ratio of specific heats (1.4 for air)

A mean pitot-probe displacement derived from figures 5and 6

& boundary-layer total thickness

& boundary-layer displacement thickness (see eq. (8))

6 boundary-layer momentum thickness (see eq. (7))

v viscosity

p density



Subscripts:

aw adiabatic wall

e boundary-layer edge

m measured by pitot probe
0 evaluatedat D=0

t stagnation

w wall

= free stream

APPARATUS AND TESTS

Wind Tunnel

The experimental data contained in this study were obtained in the high-speed test
section of the Langley Unitary Plan wind tunnel, which is described in reference 2. This
variable-pressure, continuous-flow tunnel has a two-dimensional asymmetric sliding-
block nozzle that permits a continous variation in the test-section Mach number from
about 2.3 to 4.6. The normal operating stagnation temperature is between 339 K and
352 K. The test section is about 1.22 meters wide by 1.22 meters high by 2.13 meters

long.

Test Station

The tunnel sidewall was used as the model in this investigation. The turbulent
boundary layer on the sidewall was surveyed on the sidewall center line about midway of
the test section. The boundary layer at the survey station for the test conditions of this
study was about 150 mm thick. The equivalent flat-plate length (that is, the length of tur-
bulent flat-plate flow at the same free-stream conditions of the survey station needed to
produce the same boundary layer) to the survey station was about 8.7 meters.

The fop and bottom walls of the tunnel are contoured to produce the supersonic flow.
The sidewalls, one of which was used as the test surface, are {flat from the nozzle throat
to the downstream edge of the {est section.



Instrumentation

The tunnel sidewall boundary layer was surveyed with nine pitot probes ranging in
size from 0.26 mm to 48 mm (0.2 to 32 percent of the boundary-layer thickness). These
probes are the same as those used in reference 1 to obtain the displacement results at
Mach 2. Because of the large displacement {rends obtained in reference 1, questions
were raised as to the possible effects of probe geometry on the measured profiles.
Hence, subsequent to completion of the present tests, check runs were performed at
Mach 2 to investigate the effects of probe tip and support geometry. The small flattened
probe, a flat-ended circular probe, and a beveled probe (with a 299 included cone angle)
were tested with circular and diamond-shaped support shafts so that the effects of bevel
angle and support configuration could be separated. Neither of these parameters was
found to have any measurable effect on the displacement results and consequently these
data are not presented herein.

The smallest probe used in the present investigation was a conventional flattened
boundary-layer probe (fig. 1), and was used to provide a reference survey of the boundary
layer. The remaining eight probes were circular, with ratios of inside diameter to out-
side diameter of about 0.6. These probes were used fo obiain the displacement data.
These probes, as can be seen from the sketch in figure 1, were double-ended; thal is, two
probes were mounted back-to-back on a single shaft, In this configuration, data from two
probes conld be recorded without the nevessiiy of a tunnel shutdown, probe change, and
subsequent tunnel restart. This procedure allowed the tunnel running time to be cut
approximately in hali. Insulating tape was applied to the tunnel wall in the area imme-
diately downstream of the shaft to insure that the contact light would be activated only
when the upsiream probe touched the wall, '

The double-ended probe was mounted on a shaft which ran through the tunnel side-
wall. An O-ring seal was used hetween the shaft and the sidewall to eliminate leakage.
Probe position normal to the wall was controlled manually from outside the tunnel by a
traversing mechanism connected to the probe shaft. The surface location was determined
by electrical contact between the wall and the probe tip, and the position above the test
surface was determined from the surface contact point and a dial indicator connected to
the probe shaft. The dial indicator could be set to within about 0.003 mm.

Pitot-probe pressures were measured by a pressure transducer having a range of 0
to 0.2 atmosphere and a normal accuracy of about 0.25 percent of its full-scale reading.
Tunnel stagnation pressures were measured by a precision automatic indicating mercury
manometer. All data were recorded on punched cards for data reduction purposes.



Tests and Procedures

The test was conducted at a nominal free-stream Mach number of 4.6 and stagna-
tion pressure of 2.46 atmospheres. Tunnel stagnation temperature was maintained at
about 352 K so that the wall temperature would be close enough to the ambient tempera-
ture outside the test section to insure that no appreciable temperature gradients were
present across the tunnel wall. Hence, this test was run near zero heat-transfer condi-
tions. These test conditions resulted in a free-stream unit Reynolds number of about
6.56 x 108 per meter. The tunnel dewpoint was maintained at about 244 K.

The boundary layer at the test station was surveyed by each of the probes in turn.
The test procedure consisted of bringing the probe in contact with the tunnel wall, as
determined by the contact light, and then moving the probe away from the wall in small
increments, and recording data. The probes were positioned so that all probes had their
centers at the same locations across the boundary layer. A complete boundary-layer
survey by each probe took about 30 ‘minutes.

DATA REDUCTION

Mach Number

The pitot pressure measured by the small reference probe ocutside the boundary
layer py, e and the measured tunnel sta.gnatlon pressure pt o Were used to calculate
the local free stream Mach number by the normal-shock relation
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This Mach number and P, value were then used to calculate the static pressure at the

boundary-layer edge pg from the Rayleigh pitot formula
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The static pressure was then assumed to be constant through the boundary layer and equal
to the calculated edge value. The Mach number distributions through the boundary layer
were then calculated from the measured p,, and calculated Pe values. If p,, /Pe

was greater than 1.893, the supersonic Mach numbers were calculated by equation (2) in



which local conditions replace the boundary-layer edge conditions. If p_ /p, was less
than 1.893, the subsonic Mach numbers were calculated from the isentropic flow equation

1
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Velocity Ratio

Velocity ratios are related to Mach number and temperature by
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Inserting equations (5) into equation (4) and assuming iscenergetic flow (T+ =Ty e)
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results in
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which was used to calculate velocity ratios herein.

Integral Thicknesses

Boundary-layer momentum thickness 6 and displacement thickness 5% are
defined in two-dimensional compressible flow to be
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If the assumptions of constant static pressure and total temperature across the boundary
layer are used, the density ratio p/pe can be written as

po_"€__ 2 (9

Equations (6) and (9) allow the calculation of the integrands in equations (7} and (8) for
each data point in the boundary layer. The integrations were performed by parabolic
curve fitting through successive data points and stepwise integration of the resulting
curves.

RESULTS AND DISCUSSION

Probe-Size Effects

Probe-displacement effects are evaluated in this study in terms of Mach number
values calculated from the measured pressures. These Mach number values are shown
in figure 2 as a function of probe diameter (nondimensionalized with respect to boundary-
layer thickness &) with the curves connecting points of constant y/5; that is, points
whose probe centers are located at the same position in the boundary layer. The solid
symbols indicate points where the probes were touching the test surface.

Data for y/6 values greater than 0.872 were omitted from figure 2 for clarity.
These data would simply fair into the M, value when the probes were outside the bound-
ary layer, Note that some of the indicated Mach numbers for the larger probes at large
y/6 values are greater than the true boundary-layer edge value — a phenomenon termed
""gvershoot.” This phenomenon has been reported previously in a turbulent boundary layer
(ref. 1), a laminar boundary layer (ref. 3), and wakes (refs. 4 and 5), but all have been in
supersonic flow with large probes relative to the wake or boundary-layer size. It is diffi-
cult to understand this phenomenon except in terms of a nonnormal shock. Since normal-



shock relations are used in data reduction, any flow passing through an inclined shock
could give indicated Mach numbers which are larger than the free-stream value.

Note that the smallest probe size for which data are plotted in figure 2 is the flat-
tened reference probe, which was used to help substantiate the small-probe Mach number
trends. A circular probe with a diameter equal to the height of the flattened probe could
not have been used because of the prohibitive lag time and viscous effects resulting from
the very small diameter,

For the smaller probe diameters, the variation of indicated Mach number with probe
diameter appears o be linear. Thus, as was done in reference 6 for incompressible flow
and in reference 1 for Mach 2 flow, linear extrapolations through the data for small-
diameter probes were performed to obtain the true Mach number profile for this boundary
layer, which is defined as the profile for D = 0.

Note that the Mach numbers for the wall contact points (solid symbols in fig. 2) are
close to the {rue Mach number at that value of y/6. This trend was noted also in the
lower Mach number results of reference 1 and indicates that Preston tube data contain
negligible displacement effects throughout the supersonic Mach number range. The kinks
in the curves at the larger probe diameters result from extreme distortion of the indicated
boundary-layer profile, probably as a result of boundary-layer separation upstream of the
larger probes. This phenomenon was noted in reference 1 for Mach 2 flow.  The largest
probe used in the present study was about 32 percent of the boundary-layer thickness,
whereas it was about 70 percent in reference 1. Comparing figure 2 with figure 3 of ref-
erence 1 reveals that at similar values of D/5, the distortion pattern of the present data
occurs in a lower part of the boundary layer than the pattern of reference 1. The present
results therefore do not contain overshoot as extensive as that contained in the lower Mach
number data, and the reasons for the overshoot appear to be different. In reference i,
where the distortion occurs in the outer part of the boundary layer, the overshoot is simply
a part of the distortion region, whereas in the present results, where the distortion occurs
lower in the boundary layer, the small amount of overshoot is not a part of the distortion
region. If the distortion trend in the present data continues for larger values of D/ 8, then
D/6 values even larger than those reached in reference 1 would be required at this higher
Mach number to produce distortion near the boundary-layer edge, and hence an extensive
overshoot pattern.

True Profile

The result of the linear exirapolation of the small-probe-diameter data of figure 2
to D=0 is the true Mach number profile, which is shown in figure 3(a). The profile
shape below % =0.034 is the same as the flattened-probe profile since figure 2 shows



that no linear extrapolation could be performed at these low values of y/6. The smooth
variation of Mach number through the boundary layer shown in figure 3{(a) gives confidence
in the linear extrapolations.

These Mach number values, converted to velocity ratio u/ug, are shown plotted in
log-log form in figure 3(b). The linear variation of velocity ratio with y/5 in this plot
shows that this true profile follows a normal turbuleni-boundary-layer power-law form,
and that the power-law exponent N of this profile is about 10.9. The integration of this
true profile yielded a momentum thickness 6 of 4.77 mm and a displacement thickness
5% of 49.9 mm. The boundary-layer total thickness was estimated {o be about 150 mm.

Measured Profiles Compared With True Profile

The profiles measured by each of the nine probes and a comparison with the true
profile are shown in figures 4(a) to 4(i). The flattened reference probe profile (fig. 4(a))
is in very good agreement with the true profile as would be expected from figure 2. The
results from flattened probes, which are of the type normally used in boundary-layer
research, generally do not require displacement corrections since the probe dimension
in the direction of the velocity gradient is small.

Figures 4(b) to 4(i) show the profiles from the eight circular probes, increasing in

size from % = 0.009 in figure 4(b) to 16)_ = 0.322 in figure 4(i). The indicated Mach

number values are generally larger than the true value at the same value of y/6 — an
indication of positive displacement. This trend increases with increasing probe size,

Since there should be no probe displacement in Zero~shear flow, Mach number pro-
files from all probes should equal the local free-stream value when the probe is entirely
outside the boundary layer; that is, at about half the probe diameter above the boundary-
layer edge. Hence, the Mach number profiles for the probes of larger diameters asymp-
totically approach the true profile at values of y/8 somewhat greater than 1. For the
probes of smaller diameter, the experimental profiles in the local free stream are within
about 0.2 percent of the true-profile value.

Beginning with the % = 0.068 profile (fig, 4(d)), a kink appears in the profiles in the

lower part of the boundary layer. This kink increases in severity and moves farther away
from the test surface with the increasing probe size, a trend which was noted also in the
lower Mach number results of reference 1. The peak of the kinks in the present results
and in those of reference 1 occurs at y/D values of about 1; that is, the maximum dis-
tortion at both Mach numbers (and boundary-layer thicknesses) occurs when the center of
the probe is about one probe diameter off the test surface. As mentioned previously, this
distortion of the indicated Mach number profile, which is superimposed on the normal



probe displacement effects, is probably caused by separation of the boundary layer
upstream of the larger probes when they are in close proximity to the test surface.

Note, however, that, regardless of the severity of the distortion and displacement
of the probes as they traverse the boundary layer, when they are in the wall contact posi-
tion, that is, acting as Preston tubes, the indicated Mach numbers are close to the true
value at that y/6. This trend explains why valid Preston tube results were obtained in
reference 7 even with large probes.

Tabulatéd values of the Mach number and velocity ratio are presented in tables I
to II.

Probe-Displacement Calculations

Probe displacement is, by definition, the distance that the measured profile would
need to be displaced to agree with the true profile. The direct method, then, of obtaining
probe-displacement results would be to measure the vertical distance between the sym-
bols and curve in figure 4. Reference 1 reported, however, that an equivalent method of
making these measurements for small-diameter probes can be obtained from the slopes
of the curves of Mach number plotted as a function of diameter and the slopes of the true
Mach number profile. The resulting equation is

. R ey |
A ©oM/9D

D BM/’BY 0

This method is used to obtain the displacement results presented herein. The M

8
D |0
values were obtained from the slopes of the linear extrapolations of figure 2, and the

M values were obtained from the slopes of the true profiles as seen in figure 3(a).

8
Yo
The g% distribution is shown in figure 5. There is some scatter in these slopes,
0
but the overall trend is clear. The solid curve represents a fairing of the data,
&M bt s N :
The —a; distribution is shown in figure 6. The data scatter is much less here
0

as compared with that of figure 5, but a faired curve was put through the data for
consistency.

The displacement distribution was then obtained by dividing the faired curve of fig-
ure 5 by the faired curve of figure 6, and the results are shown in figure 7. Shown for
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comparison are the Mg = 1,975 results of reference 1, in which the derivative trends\‘g
were faired to give a smoother displacement trend, and unpublished results at M, = 2.125
which were obtained by the present author in support of the results of reference 1. The

incompressible-flow results of reference 6 are shown also on this figure,

The displacement results near the boundary-layer edge are noted to be very inac-
curate and are therefore ignored in the process of estimating trends herein. Intuitively,
it can be reasoned that since the displacement in zero-shear flow should be zero, the
displacement distributions should smoothly fair to zero in the free stream and the fairing
should be gradual and not abrupt. In practice, however, it is very difficult to estimate
accurately the displacement trends in this region by either the direct-measurement tech-
nique or-the slope-calculation technique. The direct-measurement technique has diffi-
culty, as reported in reference 1, because of the small Mach number gradients near the
boundary-layer edge. The slope-calculation technique encounters difficulty because the

faired curves of both g—M— and %M approach zero near the boundary-layer edge so
y . .
0

that their division produces highly inaceurate numbers in this region. Hence, the very
inaccurate data in figure 7 are identified with solid symbols. The trend to inaccuracy,
however, is gradual, so that even the open symbols at the higher values of y/& are not as
accurate as those farther down in the boundary layer. The gradual dropoff to zero dis-
placement at the boundary-layer edge, therefore, cannot be determined from the present
data. '

Effect of Mach Number on Probe Displacement

The major objective of this investigation is to assess the Mach number trends in
probe displacement, Figure 7 shows a large effect of Mach number on displacement. Not
only is the level of the present results much larger than those at the lower Mach numbers, .
but the displacement distribution increases through the high Mach number boundary layer,
a trend which did not appear at the lower Mach numbers. The increasing values of dis-
placement through the boundary layer at Mg, = 4.63 can be explained in terms of Mach
number since the local Mach number increases through the boundary layer.

This trend would not be present in the incompressible-flow results of reference 6
because of the very low Mach number. It is not known why this trend was not present in
the Mg = 1.975 and 2.125 results, but it should be noted that the difference in Mach num-
ber across the boundary layer for the data shown in figure 7 is about 0,8 for the lower
Mach number data, whereas it is about 2.6 for the higher Mach number data. Thus, any
Mach number trend would be more apparent in the present results.

Figure B shows the data of figure 7 plotted against local Mach number. There
appears to be a fairly smooth trend of displacement with Mach number. The faired curve

11



in figure 8 is therefore presented tentatively as the effect of Mach number on pitot-probe
displacement in a turbulent boundary layer.

SUMMARY OF RESULTS

Experimental pitot-probe displacement data have been obtained in a turbulent bound-
ary layer at a local free-stream Mach number of 4.63 and unit Reynolds number of
6.46 % 106 per meter. Comparing the results of this study with the lower Mach number
results of previous studies has yielded the following conclusions:

1. The pattern of small probes showing displacement and of large probes showing
displacement as well as distortion which was observed at lower supersonic Mach num-
bers was also obtained in the present study.

2. For similar values of probe size to boundary-layer thickness, the high Mach num-
ber data showed a distortion pattern which was lower in the boundary layer than the pat-
tern at the lower Mach number.

3. When distortion occurred, the maximum distortion occurred when the center of
the probe was about one probe diameter off the test surface.

4 Por prokes in ihe wall contact position, the indicated Mach numbers were, for all
probes tested, close to the true profile.

5, Pitot-probe displacement was found to increase significantly with increasing Mach
number,

Langley Regearch Center,

National Aeronautics and Space Administration,
Hampton, Va., March 25, 1974.
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TABLE I.- TRUE PROFILE

[Me = 4.630; Rg = 6.46 x 106/m; T; =352 K; 6=4.77mm; & =49.9 mm;

T , .
6=150 mm; —~1; N=10.9; leg=8.7

aw

.

y/6 M u/ug y/8 M u/ue
0.001 0.469 0.228 0.542 3.846 0.961
.004 .924 424 561 3.928 .966
.008 1.339 571 598 - 3.978 .969
.034 1.880 715 .618 4.024 971
.059 2,115 763 643 4.100 .976
.085 2,275 .793 669 4.142 .978
.110 2.418 .816 .694 4.208 .981
.135 2.553 .836 720 4,265 .984
.161 2.665 851 748 4,323 987
.186 2.770 .865 1170 4,368 .989
212 2.855 875 .796 4,405 .991
237 2.934 .884 .821 4.445 .993
.262 3.040 .895 .847 4.482 .994
.288 3.128 .904 872 4.520 .996
313 3.208 912 .897 4,543 .997
.339 3.268 .919 ,923 4,567 .998
.364 3.365 .926 .948 4,582 .999
415 3.518 .938 .974 4.595 .999
.441 3.584 .943 .999 4.603 1.000
.466 3.662 .948 1.024 4.614 1.000
.491 3,720 .952 1.050 4.620 1,000
.516 3.792 .957

i4




TABLE II.- MACH NUMBER AND VELOCITY PROFILES FOR
FLATTENED REFERENCE PROBE

y/6 M u/ug v/6 M u/ug

0.001 0.469 0.228 0.474 3,692 .950
.004 .924 .424 .525 3.822 .959
.008 1.339 .571 .576 3.928 .965
.034 1,871 713 627 4.060 .973
.059 2.099 760 L8TT 4,183 .979
.085 2.281 .793 7128 4.292 .985
.110 2.431 .817 779 4,395 .990
.135 2,560 .836 .830 4,467 .993
.161 2.669 .851 .881 4.528 .996
.220 2.891 .878 .931 4,572 .998
271 3.068 .898 .082 4.597 .999
.322 3.244 914 1.033 4,611 .999
.373 3.405 .928 1.041 4.612 .999
.423 3.542 939 |




g1

{3) D6 =0.008

{by D/6 = 0.016

TABLE T1,- MACH NUMBER AND VELOCITY PROFILES FOR CIRCULAR PROBES

[} D/%=0.068

@ D/o=0.118

le) /6 =0.188

(fy D/5=0.220

(g} D/6-0.271

(W) D/ =0.322

yid M [ u/fue ¥/8 M ufe §/6 | M Jufu, ¥/ M ] ufu, v/5 M | w/u, v/& M u/u: ¥/6 M 1T/'ue ¥/0 M | ufue
0.004] 1, 138"70.504 mm——— | D0.034] 1.879| 0,714 0.059] 2,085, 0.757 0.085] 2.302 | 0.797 9.110; 2.450 | 0,820 0,135] 2.565]0.837 0.181] 2.607! 0.843
008} 1,120 .408 0.008] 1.396 0,588 L0421 2,1181 764 .085] 2,547| B35 .110| 2.700 | 858 .135| 2,778 .865 .181) 2.856( .874 .186| 2.852| .874
.034| 1.808| .698 .0%4| 1,978 | 736 .651| 2.271| .791 093] 2.647 .848 .135] 2,985, .889 .161(3.072 | .898 .186( 3.102| .901 212 3,096 900
.D6% 2,068 .752 .0h9| 2.179 ] 775 059 2,279 809 .102| 2.725| .B59 .161| 3.081} .89% ,186) 3,301 | .820 .212| 3.361| .825 .237) 3.304| .920
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Figure 1.- Probe sketches. All dimensions are in millimeters.
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(a) Mach number profile.

Figure 3.- True profile.
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(b) Velocity profile.
Figure 3.- Concluded.
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{(a) Flattened reference probe. Solid symbol indicates wall contact point.

Figure 4.- Measured profiles compared with true profile,
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Figure 4.- Continued.
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Figure 4.~ Continued.
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Figure 4.- Continued.
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